1.. Introduction
================

Glioblastoma (GBM) is the most aggressive form of cancer that originates within the central nervous system (CNS).[@cit1]--[@cit3] GBM represents 15% of all primary brain tumors,[@cit4] but the cause is unclear, and there is no clear way to prevent it. Generally, the clinical management of GBM, including diagnosis, assessment progress, and therapy effectiveness evaluation, has been mostly reliant on neurological assessment and clinical imaging techniques, such as MRI (magnetic resonance imaging), CT (computed tomography), PET (positron emission tomography) and biopsy tissue sampling.[@cit5]--[@cit8]

In the era of precision medicine, the development of new tools for pathological analysis of GBM tissue biopsy samples has become prominent for various reasons, such as (i) the consensus issue of histological diagnosis among pathologists, (ii) the need to improve the diagnostic yield within the limited samples due to the challengeable surgical approach, (iii) the need to improve the predictive values for disease progression, and (iv) the difficulties in performing repeated biopsies. In this vein, useful information on oncogenes, related to the key cellular mechanisms of GBM cells to survive, grow, and proliferate, holds potential as an analytical tool for GBM.[@cit9]--[@cit11] For example, the precise monitoring of GBM genomic heterogeneity and mutational status, related to oncologic cellular mechanisms may well give beneficial information when selecting treatment modalities. Another critical point is about the proposed monitoring of oncogenic metabolism related to glucose, hypoxia, fatty acid, and amino acid in GBM.[@cit9],[@cit12]--[@cit14] Among them, we have observed dramatic changes in the amino acid levels of GBM,[@cit15] which were recognized in clinical radioisotope imaging: increased levels of glutamate (Glu), glutamine (Gln), and methionine (Met), and a decreased level of aspartate (Asp). Such unusual amino acid levels in GBM could, therefore, be exploited by reprogramming the cellular metabolism and its sub-grouping of GBM, which is dependent on the amino acid level and is important, as a biomarker, for precision diagnosis, therapy, and follow-up treatment.

In this study, we introduce a sensing probe, based on a turn-on type fluorescence response that can estimate the cysteine (Cys) level in human-derived GBM cell lines, xenograft animal models, and human biopsy samples. Fluorescence-based diagnostic tools have been widely used at clinical sites because they are simple-to-operate, highly sensitive, selective, time-saving, economical, user-friendly, and highly applicable for bio-samples.[@cit16]--[@cit21] We have validated a newly developed probe which can isolate GBM cells or tissues from healthy individuals, and examined its potential as a new tool in clinical pathology.

To date, many cases have provided evidence supporting the long-standing hypothesis that the neural stem cell niche that residents in the lateral ventricular (LV)--subventricular zone (SVZ) of the brain is the origin for GBM in humans ([Fig. 1a](#fig1){ref-type="fig"}).[@cit22] GBM is affected by a high degree of hypoxia due to uncontrolled proliferation and defective vascularization.[@cit23] Under hypoxia conditions, healthy cells die *via* apoptosis due to an increased level of intercellular reactive oxygen species (ROS), while the GBM cells can survive, grow, and infiltrate the organ ([Fig. 1b](#fig1){ref-type="fig"}).[@cit24]--[@cit26] The reason is that the increased transcription of the SLC7A11 gene in GBM is induced by the elevated ROS ([Fig. 1c](#fig1){ref-type="fig"}).[@cit27] The elevated ROS level of the SLC7A11 gene that induces an over-expression of system Xc, a Cys/Glu transporter, is located on the cell membrane, and system Xc leads to the uptake of cystine (CySS) into the cell cytosol.[@cit28],[@cit29] In the endoplasmic reticulum (ER), the increased CySS is broken into two Cys by the over-expressed cysteine cathepsin, a cysteine protease enzyme that breaks disulfide links.[@cit30] The resulting Cys became a precursor in the subsequent glutathione (GSH) synthesis with methionine that is also overexpressed in GBM, and the resulting GSH produced played a vital role in the ROS attenuation.[@cit31] As a result, GBM sustains its various characteristics under hypoxia conditions. No reports related to the direct monitoring of the Cys level in clinical GBM samples were disclosed, so we aim to introduce this as a new diagnostic tool to be used for the selective sensing of the up-regulated Cys level in human-derived cells, particularly in ER sub-organelles, and biopsy samples and propose Cys as a new biomarker of GBM within clinical pathology ([Fig. 1d](#fig1){ref-type="fig"}).

![A schematic representation of GBM and the Cys-related cellular mechanism, our research rational for GBM identification. (a) 3D illustration and the human MRI image of the GBM site. (b) Schematic drawing of the cells in the GBM site. Reactive-oxygen species (ROS) up-regulation under hypoxia conditions in the distal region from the blood vessel, as well as at the late stage of GBM. Box: ROS effect in the GBM and normal cells. (c) Up-regulated ROS mediated mechanism in the intracellular region. The up-regulation and down-regulation are indicated in red and blue arrows. Green box: endoplasmic reticulum (ER). (d) Rational in this work. The NPO-B probe consisted of a signaling unit (fluorescence) and penta-fluorophenol unit (Cys responsive, ER targetable). The Smiles rearrangement with Cys induced the fluorescence in a turn-on manner. The inset describes the clinical surgery of GBM patients and treatment with the NPO-B probe for pathological analysis.](d0sc01085e-f1){#fig1}

2.. Results and discussion
==========================

2.1. Rational
-------------

We recently focused on the development of a donor--acceptor (D--A) dipolar type fluorescent platform to monitor biologically essential species, such as enzyme activity, cell organelles, metal ions, and disease biomarkers.[@cit32]--[@cit35] We designed a new molecular sensing platform based on the nitrobenzoxadiazole (NBD) fluorophore, using various aromatic substitutions at the electron-donating site (R): simple phenol (NPO-A), electron-deficient penta-fluorophenol (NPO-B), and electron-rich *p*-methoxyphenol (NPO-C). As a control probe we used chloro-substituted NBD (NBD-Cl) ([Fig. 2a](#fig2){ref-type="fig"}). Interestingly, the addition-substitution of biothiols, such as Cys, homocysteine (Hcy), GSH, and hydrogen sulfide (H~2~S) occurred at the R-site, and the subsequent Smiles rearrangement (SR),[@cit36] with amine-containing biothiols, showed a significant fluorescence response with the formation of D--A type dipolar dye ([Fig. 2b](#fig2){ref-type="fig"}). Previously, a similar approach based on the SR reaction for the thiol sensing has been reported,[@cit37]--[@cit40] and in this study, we asserted that the different electron densities at the electron-donating sites could cause different reaction rates toward biothiols. In particular, we hypothesize that the electron-deficient aromatic ring with penta-fluoro substitution (NPO-B) can make a unique hydrophobic macro-environment for amino acid coordination for SR and water molecule coordination, compared to the simple benzene ring in aqueous media. Besides, we hypothesize that the regulation of the level of Cys, which occurs in the ER for the penta-fluorophenol moiety towards ER targeting ability,[@cit41],[@cit42] makes it possible to trace the Cys level in cells more precisely. With this novel rationale, we prepared the NPO series with the reaction of NBD-Cl and phenol derivatives in the presence of a base (Scheme S1[†](#fn1){ref-type="fn"}). The purity of the synthesized compounds was verified by proton/carbon nuclear magnetic resonance (^1^H/^13^C NMR) and high-resolution mass spectrometry (HRMS) (data in the ESI[†](#fn1){ref-type="fn"}).

![Structure, working mechanism, and photophysical property analysis of the NPO probe. (a) Chemical structure of the NPO probes and control compound (NBD-Cl). (b) Working mechanism (Smiles rearrangement) of the NPO probes. (c) Normalized fluorescence intensity (peak height at 550 nm) of NPO probes (10 μM) with biothiols (Cys, Hcy, GSH, and H~2~S, 50 μM). The emission values were obtained under the excitation at 478 nm. (d) Normalized absorbance and emission spectra changes of NPO-B (10 μM) with Cys (50 μM). The absorption and emission spectra of NPO-B with Cys were measured in DI H~2~O containing 1% DMSO. (e) Time-dependent fluorescence intensity plot (peak height at 550 nm) of NPO-B (10 μM) with biothiols (50 μM). (f) Fluorescence intensity plot (peak height at 550 nm) of NPO-B (10 μM) with a low concentration of Cys. (g) Fluorescence intensity plot (peak height at 550 nm) of NPO-B (10 μM) with Cys (50 μM) at various pHs (pH 4--10). (h) Fluorescence intensity plot (peak height at 550 nm) of NPO-B (10 μM) with biomolecules and metal ions (50 μM). (A) NPO-B only, (B) [l]{.smallcaps}-Cys, (C) [dl]{.smallcaps}-Hcy, (D) [l]{.smallcaps}-GSH, (E) [l]{.smallcaps}-Glu, (F) [l]{.smallcaps}-Lys, (G) human serum albumin, (H) PbCl~2~, (I) MgCl~2~, (J) FeCl~3~, (K) Hg(NO~3~)~2~, (L) CdCl~2~, (M) ZnCl~2~, (N) NiCl~2~, (O) CoCl~2~, (P) NaCl, (Q) AuCl~3~, (R) AgCl, (S) CuCl~2~, and (T) KCl. The emission spectra were recorded under excitation at the maximum absorption wavelength. All the spectrum and intensity data were recorded in DI H~2~O for 30 min incubation with the substrate at 37 °C.](d0sc01085e-f2){#fig2}

2.2. Sensing properties of NPO probes
-------------------------------------

First, the selectivity assay of the NPO series was carried out in the presence of biothiols in aqueous media (deionized water: DI H~2~O) ([Fig. 2c](#fig2){ref-type="fig"}). Interestingly, NPO-B only showed very selective sensing ability toward Cys over the other thiols. The disturbance of Hcy was quite dramatic for NPO-A, NPO-C, and NBD-Cl, indicating that the SR reaction could be affected by the electron density of the leaving groups (R). The NPO-B showed a strong absorbance at 358 nm and 463 nm with negligible emission ([Fig. 2d](#fig2){ref-type="fig"}). The insufficient electron-donating ability and free-rotation of aromatic rings at the R-site in aqueous media caused a low emission of NPO itself (Fig. S1[†](#fn1){ref-type="fn"}). However, the treatment of Cys in the solution of NPO-B showed changes in absorbance (decrement at 340 nm and increment at 474 nm), with significant emission increments at 550 nm (20-fold) ([Fig. 2d](#fig2){ref-type="fig"}). After checking the non-aggregation factor of NPO-B (Fig. S2,[†](#fn1){ref-type="fn"} a linear plot depends of concentration 1--100 μM), time-course fluorescence changes for the mixture of the NPO series and biothiols were monitored in DI H~2~O, under excitation at the maximum absorption wavelength (474 nm) ([Fig. 2e](#fig2){ref-type="fig"} and S3--S6[†](#fn1){ref-type="fn"}). A significant fluorescence enhancement was observed only in the mixture of NPO-B and Cys, and the signal was almost fully saturated within 10 min. In the concentration-dependent assay, NPO-B showed a high sensitivity under the given conditions, a detection limit of 0.12 ppm, according to the signal-to-noise ratio above 3 ([Fig. 2f](#fig2){ref-type="fig"}). The optimal pH range for the sensing of Cys with NPO-B was found to be biological pHs (pH 5--8), including physiological pH (pH 7.4) ([Fig. 2g](#fig2){ref-type="fig"} and S7[†](#fn1){ref-type="fn"}). In the selectivity assay, NPO-B only showed the fluorescence response towards Cys ("B" in [Fig. 2h](#fig2){ref-type="fig"}) among the biomolecules (biothiols, amino acids, and protein) and metal ions. The selectivity of NPO-B was also verified within the Cys oxidation environment. Treatment with air bubbling and hydrogen peroxide (H~2~O~2~) reduced the contents of the Cys level, and we observed a decreased emission intensity of NPO-B within these environments (Fig. S8[†](#fn1){ref-type="fn"}). The cystine (CySS), which is a reduced form of Cys, showed no emission enhancement. We further investigated the selectivity of NPO-B with thiol substances (cysteamine and ethanethiol), which have a similar chemical structure to Cys (Fig. S8[†](#fn1){ref-type="fn"}), and we found a significant emission enhancement only for the Cys. Next, we performed the competitive experiments of NPO-B toward Cys and H~2~S (Fig. S9[†](#fn1){ref-type="fn"}). A similar emission enhancement of NPO-B was observed in the sets of Cys and the mixture of Cys with H~2~S, not in the set of H~2~S alone. These results indicate that the reaction of NPO-B is more favorable toward Cys than H~2~S. The reaction product was analyzed using liquid chromatography mass spectrometry (LC-MS) to understand the sensing mechanism (Fig. S10[†](#fn1){ref-type="fn"}). The reaction product of NPO-B and Cys showed 4 main peaks in LC-MS, which corresponded to the SR product (Cys amine-substitute), the disulfide-linked product between the SR product and Cys, each disulfide-linked SR product, and pentafluorophenol side products. High photostability of the reaction mixture (NPO-B with Cys) was observed under strong UV irradiation conditions (Fig. S11a--c,[†](#fn1){ref-type="fn"} \>70% intensity over 60 min), which is one of the most substantial merits for the fluorescence-based bioimaging. Although absorption and emission intensities of the reaction mixture (NPO-B with Cys) decreased at high temperature after 2 hours, we think that the reaction mixture is stable enough to measure the bio-imaging results due to denaturation of cells and tissue more than at 40 °C (Fig. S11d--h[†](#fn1){ref-type="fn"}).

2.3. Quantum chemical calculation
---------------------------------

To understand the selectivity of NPO-B toward Cys and the intramolecular substitution reaction of NPO--Cys and NPO--Hcy, we conducted quantum chemical calculations. All calculations were performed using the density functional theory (DFT) method with the APFD functional and 6-31g(d) basis set as implemented in the Gaussian 16 package.[@cit43] The detailed calculation procedure is found in the ESI.[†](#fn1){ref-type="fn"} As shown in [Fig. 2b](#fig2){ref-type="fig"}, the NPO-B reacts with Cys (or Hcy) to form S-bound NPO--Cys (or NPO--Hcy), which further undergoes intramolecular substitution reactions to produce N-bound NPO--Cys (or NPO--Hcy), and the finally produced N-bound NPO--Cys emits strong fluorescence at 550 nm. First, we obtained the optimized structures of NPO--Cys and NPO--Hcy to investigate the stability of S-bound and N-bound isomers of NPO--Cys and NPO--Hcy. N-Bound isomers are found to be more stable and favored than S-bound isomers (Fig. S12[†](#fn1){ref-type="fn"}). Next, we further calculated the intrinsic reaction coordinate (IRC) for the intramolecular substitution reaction (*i.e.*, S-bound compounds are converted into N-bound compounds) of NPO--Cys and NPO--Hcy. In fact, the intramolecular substitution reactions of NPO--Cys and NPO--Hcy are accompanied by the proton transfer between NPO--Cys (or NPO--Hcy) and water molecules. Therefore, we calculated the intrinsic reaction coordinate (IRC) for the intramolecular substitution reaction of NPO--Cys with three water molecules and NPO--Hcy with four water molecules. Fig. S13[†](#fn1){ref-type="fn"} displays the energies and structures of the S-bound compound, transition state (TS), and N-bound compound along the IRC and the final relaxed N-bound compound. As shown in Fig. S13,[†](#fn1){ref-type="fn"} a five-membered ring is formed in the transition state (TS) of NPO--Cys with the simultaneous binding of both N and S atoms of Cys to NPO, whereas a six-membered ring is formed for the TS of NPO--Hcy. In the intramolecular substitution reaction, the TS energy is lower for NPO--Cys (five-membered ring configuration) than for NPO--Hcy (six-membered ring configuration), and additionally, the final N-bound compound is more stable for NPO--Cys than for NPO--Hcy. Overall, the intramolecular substitution reaction is more favored for NPO--Cys than for NPO--Hcy in terms of the TS and the energies of finally produced N-bound compounds. Note that in the IRC calculation, water solvation was not able to be fully calculated for a practical and technical reason, and thus, we used a limited number of water molecules for the IRC for the intramolecular substitution reaction of NPO--Cys and NPO--Hcy. Therefore, the energies of the S-bound compound, TS, and N-bound compound in the IRC might not be directly comparable with the experimental values, but the IRC calculation provides an essential insight into the difference in the intramolecular substitution reaction of NPO--Cys and NPO--Hcy.

2.4. Applications in GBM cell lines
-----------------------------------

Considering the excellent specificity of NPO-B to trace Cys *in vitro*, we applied it to the bioimaging of various cell lines using confocal laser scanning microscopy (CLSM). After treatment with NPO-B, strong fluorescence signals were observed in the GBM cell lines, human primary GBM cell line (U87MG), and GBM patient-derived primary cultured cell line (SNU4098). The human ovarian cancer cell line (COV-318) showed a non-significant fluorescence intensity compared with the human embryonic kidney cell line (HEK293), a normal control cell. These data represent that the Cys level is much higher in GBM than that in other cells ([Fig. 3a](#fig3){ref-type="fig"}, S14 and S15[†](#fn1){ref-type="fn"}). The ER targeting ability of NPO-B was verified by co-staining with ER tracer Red, Pearson correlation coefficient (PCC) value \>0.8, in cancer cell lines ([Fig. 3b, c](#fig3){ref-type="fig"} and S16[†](#fn1){ref-type="fn"}). Additionally, we checked other organelles (lysosome, nucleus, and mitochondria) using each tracker (Fig. S17[†](#fn1){ref-type="fn"}). The results showed a higher PCC value in ER than in other organelles, indicating that the NPO-B can track ER with high specificity in U87MG cells ([Fig. 3c](#fig3){ref-type="fig"} and S17b[†](#fn1){ref-type="fn"}). To understand the Cys-related cellular mechanism, we pre-incubated the cells with external stimuli, Cys, CySS (a precursor of Cys), *N*-ethyl-maleimide (NEM, biothiol-scavenging reagent),[@cit44] and erastin (inhibitor of system Xc)[@cit45] ([Fig. 3d](#fig3){ref-type="fig"}). As we expected, the cells preincubated with Cys and CySS showed a stronger intensity than the cells incubated with the probe only ([Fig. 3e and f](#fig3){ref-type="fig"}). In contrast, cells pretreated with NEM showed little intensity due to the inactivity of Cys ([Fig. 3e](#fig3){ref-type="fig"}). After external treatment with NEM, exogenous Cys cells showed a gradual fluorescence enhancement in the cells. The erastin-pretreated cells showed a significantly decreased intensity in the cells due to the blocking of system Xc ([Fig. 3f](#fig3){ref-type="fig"}). We additionally observed fluorescence spectra from the vial and the cells (Fig. S18[†](#fn1){ref-type="fn"}) and confirmed the spectra well overlapped with each other (Fig. S18e[†](#fn1){ref-type="fn"}). We also compared the emission spectra from U87MG (GBM) and HEK293 (normal cells) and found higher emission intensity from the U87MG cells as we expected (Fig. S18f and g[†](#fn1){ref-type="fn"}). We do think that these results can prove the reaction of NPO-B with Cys in the cells ([Fig. 3](#fig3){ref-type="fig"} and S18[†](#fn1){ref-type="fn"}), and U87MG has a higher concentration of Cys than HEK293. In the cell viability assay, a slightly decreased cell viability of NPO-B at high concentration (50 μM) was observed in the GBM cell lines: SNU4098 (83%) and U87MG (80%), while the other cell lines showed negligible viability changes (Fig. S19[†](#fn1){ref-type="fn"}). Also, a slight volume decrease of cytosol for the U87MG cells was observed in the crystal-violet (CV) staining analysis (50 μM NPO-B) (Fig. S20[†](#fn1){ref-type="fn"}). We additionally checked the cell viability with pentafluorophenol, a side product of the reaction between NPO-B and Cys, and the result was very similar. This result indicated that more pentafluorophenol was generated in the GBM cell lines, which supported a higher level of Cys in these cell lines (Fig. S19b[†](#fn1){ref-type="fn"}). These data prove that the fluorescence signal is generated by the reaction between NPO-B and intercellular Cys, and it is, therefore, possible to determine the level of Cys in the GBM cells.

![Image-based GBM cell line identification study. (a) CLSM images of cell lines treated with NPO-B: HEK293, SNU4098 and U87MG. Cells were incubated with NPO-B (30 μM) for 30 min. Scale bar: 20 μm. The fluorescence intensities represent ROI mean values (ROI was obtained by drawing whole cells based on the DIC image). (b) CLSM images of the U87MG treated ER-Tracker (red) and NPO-B (green). The yellow color represents overwrapped regions of green and red signals. Scale bar: 5 μm. (c) Linear fitting plot to obtain the Pearson correlation coefficient (PCC) in various organelles. Each pixel intensity was collected in whole cells by using the ZEN 2.3 lite program, respectively (see Fig. S17[†](#fn1){ref-type="fn"} for CLSM images related PCC of each organelle). (d) Cys-related biological mechanism with CySS, NEM, and erastin. Inset box: chemical structure of CySS, NEM, and erastin. (e) Left: CLSM images of SNU4098 cells treated with NPO-B (30 μM) with Cys (500 μM), NEM (500 μM), and Cys with NEM. Right: Relative fluorescence intensities of each cell (each error bar represents mean ± SD, *n* = number of cells, ns = non-significant, \*\*\**P* \< 0.001). (f) Left: CLSM images of SNU4098 cells treated with NPO-B (30 μM) with CySS (600 μM) and erastin (20 μM), respectively. Right: Relative fluorescence intensities of each cell (each error bar represents mean ± SD, *n* = number of cells, \*\*\**P* \< 0.001). All experiments were performed in triplicate and repeated three times independently. An intensity-based pseudo-color was applied in panels (a), (e) and (f) for better visualization. The intensity in cells was measured using the Image-J program by drawing ROI over whole cells based on the DIC image.](d0sc01085e-f3){#fig3}

2.5. Applications in the GBM xenograft model
--------------------------------------------

Given that NPO-B has promising Cys sensing ability and biocompatibility with bio-imaging, we demonstrated GBM tissue imaging with NPO-B in the GBM xenograft mouse model. The intracranial mouse model was prepared by unilateral injection of U87MG cells and SNU4098 cells into the brain, using a stereotaxic apparatus (tumor-implantation), and the GBM formation was verified by the tissue analysis of the sacrificed brain (Fig. S21[†](#fn1){ref-type="fn"}). We expected that NPO-B could penetrate into the brain by passing through the blood--brain barrier, and give a fluorescence enhancement in the GBM site ([Fig. 4a](#fig4){ref-type="fig"}). After intravenous injection of NPO-B (5 mg kg^--1^) through the tail vein, the organs were sacrificed (45 min circulation) and then analyzed, using the fluorescence tissue imaging system (FTIS) ([Fig. 4b--d](#fig4){ref-type="fig"}, 395 nm excitation, 500--550 nm detection channel). A strong fluorescence signal was observed in the GBM cell-implanted site of the mouse brain (U87MG for [Fig. 4b](#fig4){ref-type="fig"} and SNU4098 for [Fig. 4c](#fig4){ref-type="fig"}). A bio-distribution analysis based on the tissue Images showed that there was no significant fluorescence intensity in the organs, except the U87MG-implanted GBM site of the brain (intensity from the kidney, remaining blood, stomach, and leftover food) ([Fig. 4d](#fig4){ref-type="fig"}). In the SNU4098-implanted xenograft mouse, a similar result was observed, but the liver also gave off a signal. The healthy mouse control set didn\'t show any signal in the brain under the given experimental conditions (Fig. S22[†](#fn1){ref-type="fn"}). We also imaged the tissue samples with two-photon microscopy (TPM). TPM based on the nonlinear interaction between light and matter has emerged as an important tool for *in vivo* and *in vitro* imaging of tissues due to its various merits including: (i) excitation at near-infrared (NIR) wavelengths in the biological window, which allows for deeper penetration, (ii) focal point excitation for high resolution with 3D image construction, (iii) minimal absorption through highly scattered tissue media, and (iv) suppressed photo-damage and bleaching to the tissues.[@cit46],[@cit47] In order to monitor the Cys level in each organ using TPM, we sacrificed the mouse organs and then treated them with NPO-B (100 μM) by 60 min incubation at 37 °C in phosphate-buffered saline (PBS) buffer (pH 7.4). As shown in [Fig. 4e](#fig4){ref-type="fig"}, strong fluorescence signals were observed in the GBM brain tissues compared to the healthy control set when excited at 900 nm (50 mW laser power at the focal point, detection channel: 458--527 nm). In z-stacked TPM images of each brain sample (20--100 μm from the surface, 10 μm regular intervals) with NPO-B, the signal was the strongest in the zone between 30 μm and 70 μm from the surface, representing the high tissue permeability of NPO-B and its sufficient deep tissue imaging ability under the TPM ([Fig. 4f](#fig4){ref-type="fig"}). The TPM intensity analysis result, at the different sites of brain (healthy, GBM core, and GBM periphery), showed that the signal from the GBM model was higher than the healthy control one, and the signal from the core site was higher than that from the periphery site, indicating a higher Cys level in the GBM core site ([Fig. 4g](#fig4){ref-type="fig"}). In the TPM images of the other organs with NPO-B, strong fluorescence signals were mainly observed in the kidney, lung, spleen, and the heart for both GBM mouse models, U87MG-implanted and SNU4098-implanted ([Fig. 4h](#fig4){ref-type="fig"}, S23 and S24[†](#fn1){ref-type="fn"}). To evaluate the differences between the Cys levels in the blood of healthy and GBM mouse models, we treated NPO-B with the extracted plasma, and then checked the fluorescence intensities ([Fig. 4i](#fig4){ref-type="fig"}). We observed a slightly lower intensity in the plasma of the GBM model, but it was not significant. In the fluorescence signal analysis of the mouse plasma, after intravenous treatment with NPO-B (5 mg kg^--1^, 45 min circulation), fluorescence signals were not observed. These data represented that NPO-B seemed to be accumulated in the GBM site and some organs, reacting with Cys, but not a significant reaction with Cys in the blood ([Fig. 4j](#fig4){ref-type="fig"}).

![GBM identification in the xenograft animal model. (a) Schematic illustration for the application of NPO-B towards the GBM animal model: GBM cell-implanted sites (SNU4098 and U87MG). (b) *Ex vivo* bright field image (left) and FTIS image (right) of the brain for the U87MG-implanted mouse, after NPO-B injection (i.v.) and 45 min circulation. (c) *Ex vivo* naked image (left) and FTIS image (right) of the brain for the SNU4098-implanted mouse after NPO-B injection (i.v.) and 45 min circulation. See ESI Fig. S22[†](#fn1){ref-type="fn"} for the *ex vivo* FTIS images of the control group (healthy mouse). (d) *Ex vivo* bright field image (upper) and FTIS image (bottom) of dissected organs of the U87MG-implanted mouse after NPO-B injection (i.v.) and 45 min circulation. (e) TPM images of the mouse brain after the treatment with NPO-B (100 μM): healthy, U87MG-implanted and SNU4098-implanted. The images were acquired at a middle depth (∼50 μm) of the tissues. (f) TPM images of brain tissue in panel (e) at the indicated depths (0--100 μm). (g) Relative fluorescence intensities of healthy brain tissues and GBM (core, periphery). All fluorescence intensities were analyzed with Image-J; each error bar represents mean ± SEM. (h) TPM intensity plot of the GBM mouse organs (see Fig. S23 and S24[†](#fn1){ref-type="fn"} for TPM images). (i) Emission spectra from the isolated mouse plasma (1/3 diluted in PBS buffer) and its NPO-B mixture (10 μM, 30 min incubation at 37 °C). (j) Emission spectra from the isolated mouse plasma (1/3 diluted in PBS buffer) pre-treated with NPO-B (i.v., 45 min circulation).](d0sc01085e-f4){#fig4}

2.6. Applications in GBM human clinical samples
-----------------------------------------------

For the practical application of NPO-B, we finally applied NPO-B to GBM human clinical samples. Excisional biopsy brain tissues were collected during a brain surgery and GBM-patient surgery (number of samples: normal = 15, GBM = 15, normal--GBM interface = 5. See the patient information in Table S2[†](#fn1){ref-type="fn"}), and then analyzed by FTIS and TPM imaging after treatment with NPO-B ([Fig. 5a](#fig5){ref-type="fig"}). First, each site was verified by pathological analysis with H&E staining, and it clearly showed an abnormality for the GBM site ([Fig. 5b](#fig5){ref-type="fig"}). Generally, this kind of pathological analysis is essential for disease confirmation, as well as grade decisions, but it is time-consuming (it takes several days for staining) with a complicated procedure, and highly dependent on the pathologist\'s opinion.[@cit48] In this aspect, NPO-B shows strong merits to overcome the drawbacks of the present methods and is offered as a complementary new diagnostic tool. We treated NPO-B with the tissue samples (100 μM) by 30 min incubation at 37 °C in the PBS buffer (pH 7.4) and monitored fluorescence intensities using FTIS ([Fig. 5c](#fig5){ref-type="fig"}) and TPM ([Fig. 5d](#fig5){ref-type="fig"}, S25 and S26[†](#fn1){ref-type="fn"}). Similar to the GBM xenograft mouse results, a significantly much higher fluorescence signal was observed in the GBM tissues than in normal tissues within TPM images ([Fig. 5e](#fig5){ref-type="fig"}). The tissue sample of the normal--GBM interface (periphery) also showed higher intensity than the normal tissues (Fig. S26[†](#fn1){ref-type="fn"}). We then analyzed the TPM intensities in different genders (male = 14, female = 16, [Fig. 5f](#fig5){ref-type="fig"}) and ages ([Fig. 5g](#fig5){ref-type="fig"}). As we expected, the GBM group showed higher intensity than the normal group, but the gender-dependent intensity differences were not observed in the normal and GBM groups, respectively. In the age-dependent plotting, the older GBM group gave a higher intensity, and the intensity of the eighty-plus group was approximately twice as high as that of the normal group. The tissue sample of the normal--GBM interface (periphery) also showed higher intensity than that of the normal tissue (Fig. S26[†](#fn1){ref-type="fn"}). We confirmed the TPM emission spectra between solutions and biopsy samples *via* lambda screening of the whole spectrum (Fig. S27[†](#fn1){ref-type="fn"}) and found the well-overlapped fluorescence spectra from the confocal dish (Fig. S27a,[†](#fn1){ref-type="fn"} NPO-B with Cys) and biopsy samples (Fig. S27b,[†](#fn1){ref-type="fn"} NPO-B treated). This result indicated that the fluorescence signal from biopsy samples was generated from the reaction of NPO-B and Cys. These practical application results represented that the level of Cys is significantly higher in the GBM patient, and it can be considered as a new biomarker for the diagnosis and prognosis of GBM.

![Practical application for GBM clinical samples. (a) Experimental scheme for excisional biopsy tissues, isolated from a GBM patient\'s surgery and treatment with NPO-B. (b) Haematoxylin and eosin (H&E) stained human brain tissue sections from the normal and GBM tissue. Scale bar = 100 μm. (c) Bright field (upper) and the FTIS images (bottom) of freshly isolated brain tissue from the normal and GBM tissue treated with NPO-B \[100 μM, 30 min, 37 °C, PBS buffer (pH 7.4)\]. (d) TPM images of tissue samples in panel (c). See the experimental conditions in the Method section. Scale bar = 100 μm. The stacked TPM images of tissues acquired following the indicated vertical depths (0--100 μm). Scale bar is 200 μm. See ESI Fig. S25[†](#fn1){ref-type="fn"} for additional TPM images of normal and GBM cells (*n* = 15, each). The fluorescence images were overlaid with pseudo-color (rainbow). (e) Fluorescence intensity plot from TPM images of the brain tissues obtained at the normal (*n* = 15) and GBM (*n* = 15) site, each error bar represents mean ± SEM, \*\**P* \< 0.01. (f and g) Fluorescence intensity plot from TPM images by sex and age. Gender: 8 males, 7 females in the normal group, and 6 males and 9 females in the GBM group. Each error bar represents mean ± SEM *vs.* normal male, *vs.* normal female, \**P* \< 0.05. Ages of the group are categorized into six groups (A--F). Each error bar represents mean ± SEM based on TP intensities.](d0sc01085e-f5){#fig5}

2.7. *In vivo* immune-toxicity analysis
---------------------------------------

With the promising GBM imaging results, the toxic effects of NPO-B in the liver, renal toxicity, and immuno-toxicity were investigated for its practical application, such as the spraying of NPO-B towards the surgical site of a GBM patient\'s brain. The toxicity of NPO-B was analyzed in the healthy mouse (C57BL/6J, i.v. injection), and the results were compared with the positive control, the lipopolysaccharide (LPS) treated set.[@cit49] As shown in Fig. S28a and b,[†](#fn1){ref-type="fn"} neither morphological nor histological change in the liver and kidney was observed in the NPO-B treated set (24 h, 48 h circulation), while the LPS treated group showed significant changes. Besides, no apparent changes in the spleen and lymph nodes were observed. Next, the hematological and immunological parameters, which were related to organ damage and immunotoxicity, were examined. After the administration of NPO-B (5 mg kg^--1^) and LPS (10 μg/animal), blood was collected from the intra-orbital plexus, and the changes of aspartate aminotransferase (AST) and alanine aminotransferase (ALT),[@cit50] which are general markers for hepatic damage, were examined. The NPO-treated group showed no significant values, but the LPS-treated group showed a remarkably increased value (Fig. S28c[†](#fn1){ref-type="fn"}). The NPO-B treated set also gave no increment of IL-6, IL-1β, and TNF-α, which are major inflammatory cytokines (Fig. S28d[†](#fn1){ref-type="fn"}).[@cit51] The enlargement of the spleen and lymph node means an increase of proliferation of the immune cells, and so we compared the immune cell numbers and the stimulation index between both NPO-B and LPS treated groups. As a result, we found that there was no increase of the immune cell numbers and the stimulation index[@cit52] in the NPO-B treated group (Fig. S28e[†](#fn1){ref-type="fn"}). No CD69 factor change, which is increased by inguinal lymph node cell proliferation, as an early activation marker, was observed in the NPO-B treated set (Fig. S28f[†](#fn1){ref-type="fn"}). Together, no effect of NPO-B, related to the population of other types of immune cells, including NK cells, B cells, and macrophages, was observed (Fig. S28g[†](#fn1){ref-type="fn"}). NPO-B showed no short-term hepatotoxicity, based on changes in AST and ALT, which suggested that NPO-B is a highly safe contrast agent without any short- or long-term toxicity in the liver and kidney. In the toxicity assay, NPO-B didn\'t show any toxicity in the liver or kidney, as well as in any immune organs, which proves that NPO-B can be safely applied in a clinical approach, not only for healthy people but also for the patient.

3.. Conclusions
===============

Simple methods to monitor the presence or recurrence of brain cancer, particularly GBM, are invaluable tools to improve the outcomes in a patient\'s treatment. In this study, we have reported a small molecular probe that addresses this challenge by targeting Cys, which is a new biomarker of GBM. We created and characterized a turn-on type fluorescent probe, NPO-B, that allows the tracing of Cys with high selectivity, sensitivity, and biocompatibility. We applied the probe for the first time to monitor the Cys level in human-derived GBM cell lines, a GBM xenograft mouse model, and human clinical biopsy GBM samples. We then systematically analyzed its photophysical properties and provided the sensing mechanism *in vitro* as well as in cell lines. The NPO-B treated GBM cell lines showed a bright fluorescence under a CLSM, and it also worked in the GBM-site imaging of the xenograft mouse model using FTIS and TPM. Furthermore, we found that the probe could distinguish the GBM site of patients from the healthy control through fluorescence analysis of the TPM tissue samples. Our findings show that NPO-B has promising application for a relatively simple and straightforward screening of GBM from excisional biopsy brain tissues, and this can be used to replace the current complex protocols. The lack of short-/long-term toxicity and immune response results also shows that NPO-B can be fully utilized throughout various clinical applications. In addition to diagnostic applications, the probe alone or its hybrids with nanoparticles have the potential to be applied in image-guided tumor resection, all of which could benefit from a selective fluorescence probe that senses Cys.

4.. Methods
===========

4.1. General information *vivo* immune-toxicity analysis
--------------------------------------------------------

ESI[†](#fn1){ref-type="fn"} is available for the reagents, instruments, and analytical methods in this study.

4.2. Synthesis of the NPO series
--------------------------------

The NPO series probes were prepared with the reaction of 4-chloro-7-dinitrobenzofurazan and phenol derivatives in the presence of a base. See details in the ESI (Scheme S1[†](#fn1){ref-type="fn"}) and synthetic protocols.

4.3. Cell culture
-----------------

The Human primary glioblastoma cell line (U87MG), immortalized human cervical cancer cell line (HeLa), human ovarian cancer cell line (COV-318), and human embryonic kidney cell line (HEK293) were obtained from the Korean Cell Line Bank. The cells were cultured in Dulbecco\'s modified Eagle\'s medium (Hyclone, US) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin--streptomycin (Gibco). The Glioblastoma cell line (SNU4098) was isolated from human GBM tissues (patient-derived clinical sample) and it was obtained from the Korean Cell Line Bank. The SNU4098 cells were cultured in Opti-MEM, supplemented with 5% fetal bovine serum (Gibco™, US) and 1% antibiotic-antimycotic (Gibco™, US). The cell lines were kept in humidified air, containing 5% CO~2~ at 37 °C.

4.4. Animals
------------

6 week-old female BALB/c nu/nu mice (Taconic, provided by Daehan Biolink Co., Ltd., Eumseong, Rep. of Korea) were housed at an ambient temperature of 23 ± 1 °C and relative humidity of 60 ± 10% under a 12 h light/dark cycle, and were allowed free access to water and food. All of the experiments performed with mice were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications no. 80-23) revised in 1996 and protocols approved by the Institutional Animal Care and Use Committee of Kyung Hee University (KHUASP(SE)-19-002).

4.5. Intracranial xenograft (tumor implantation) animal model
-------------------------------------------------------------

U87MG and SNU4098 cell lines were used for the xenograft. Mice were anesthetized with tribromoethanol (312.5 mg kg^--1^, i.p.) and mounted in a stereotaxic apparatus (myNeuroLab, St. Louis, MO, USA). Each mouse received a unilateral injection of 1.0 × 10^6^ U87MG cells or SNU4098 cells per 5 μL in medium without FBS, according to the following coordinates: anteroposterior: --3.0 mm from bregma; mediolateral: 1.8 mm from bregma; and dorsoventral: --3.0 mm from the skull. The flow for the injection was regulated using an electronic pump at 1 μL min^--1^ for 5 min followed by 2 min with a needle at the injection site to avoid reflux. Sham operations followed the same procedure for the infusion of the medium without FBS. After surgery, mice were allowed to recover from anesthesia in a temperature-controlled chamber and then placed in individual cages.

4.6. *Ex vivo* tissue fluorescence imaging
------------------------------------------

VISQUE® InVivo Elite (Vieworks Co., Ltd., Rep. of Korea) was used as an *ex vivo* fluorescence tissue imaging system (FTIS). The imaging experiment was carried out in a dark room (wrapped in aluminum foil).

### 4.6.1. Animal samples

After intravenous injection of NPO-B, mouse organs (brain, lung, heart, liver, spleen, colon and kidney) were isolated and washed with PBS buffer (3 times). Then, the *ex vivo* tissue imaging experiment for the tissues was conducted. Brain: lens zoom: 6×, focus: 0.0 cm, iris: F3.6, mode: GFP, LED: blue, type: single-frame, exposure time: 5 s, binning: 1 × 1, intensity min = 170.0, max = 480.0. Other organs: lens zoom: 3×, focus: 1.0 cm, iris: F3.6, mode: GFP, LED: blue, type: single-frame, exposure time: 5 s, binning: 1 × 1, intensity min = 170.0, max = 480.0.

### 4.6.2. Human samples

Human tissue samples were washed with PBS buffer (3 times) and treated with NPO-B (100 μM) for 30 min. After incubation, the tissue samples were washed with PBS buffer (3 times) to remove remaining NPO-B. Next, the tissue samples were washed again with PBS buffer (3 times) and treated with 4% PFA to fix for 30 min. The imaging experiment was conducted, and the tissues were washed with PBS buffer (3 times) again before imaging. Conditions: lens zoom: 2.5×, focus: 1.5 cm, iris: F2.5, mode: GFP, LED: blue, type: single-frame, exposure time: 1 s, binning: 1 × 1, intensity min = 1031.0, max = 3218.6.

4.7. Two-photon microscopy (TPM) tissue imaging
-----------------------------------------------

The imaging experiment was carried out in a dark room; tissues samples were wrapped in aluminum foil. The scanning two-photon microscope (TPM, Leica, Nussloch, Germany) was equipped with a Titanium Sapphire laser (Chameleon vision, Coherent, USA) and a 25× water immersion objective lens was used for *ex vivo* imaging of these tissue samples. Two-photon excitation at 900 nm with a laser power of approximately 50 mW at the focal plane provided the best image quality. The fluorescence intensity of TPM images was analyzed using Leica software (Germany) and Image-J (NIH, USA).

### 4.7.1. Animal samples

Mice were anesthetized and perfused transcardially with PBS buffer (0.05 M). The mice were dissected to isolate organs: brain, lung, liver, kidney, spleen, colon, heart and stomach and to perform further *ex vivo* studies. Each organ was washed with PBS buffer (3 times). The mice tissues were placed in dry ice for 5 min. After this, the frozen organs were cut into several pieces using a surgical blade (No. 11, Reather safety razor Co., LTD, Japan). The sliced tissue samples showed an average thickness of about 100 μm, and were transferred into a 24 well plate (SPL Life Science, Rep. of Korea), and washed with PBS buffer (3 times). Next, they were treated with NPO-B (100 μM) and incubated for 1 h at 37 °C in a shaking incubator. After incubation, the tissue samples were washed with PBS buffer (3 times), and treated with 4% PFA for the tissue fixation. Two-photon microscopy (TPM) imaging experiments were conducted with additional washing of tissues with PBS buffer (3 times).

### 4.7.2. Human samples

Patient-derived human clinical sample (GBM) assay with TPM used the same method described above.

4.8. Human GBM samples
----------------------

The human GBM tissue samples were snap-frozen in liquid nitrogen immediately during the surgery and were stored at --80 °C. This study was approved by the Institutional Review Boards (IRB) of Seoul National University Hospital (\#H-1404-056-572).

4.9. Immuno-toxicity analysis
-----------------------------

C57BL/6J mice were kept in a specific pathogen-free condition in the animal facility at the Seoul National University College of Medicine (Rep. of Korea). Six-to eight-week old male mice weighing 20--25 g were used for the experiments. The animal protocol for the experiments was reviewed and approved by the Ethics Committee of Seoul National University. See more details in the ESI.[†](#fn1){ref-type="fn"}
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